Many phenotypic traits show plasticity but behaviour is often considered the 'most plastic' aspect of phenotype as it is likely to show the quickest response to temporal changes in conditions or 'situation'. However, it has also been noted that constraints on sensory acuity, cognitive structure and physiological capacities place limits on behavioural plasticity. Such limits to plasticity may generate consistent differences in behaviour between individuals from the same population. It has recently been suggested that these consistent differences in individual behaviour may be adaptive and the term 'animal personalities' has been used to describe them. In many cases, however, a degree of both behavioural plasticity and relative consistency is probable. To understand the possible functions of animal personalities, it is necessary to determine the relative strength of each tendency and this may be achieved by comparison of statistical effect sizes for tests of difference and concordance. Here, we describe a new statistical framework for making such comparisons and investigate cross-situational plasticity and consistency in the duration of startle responses in the European hermit crab Pagurus bernhardus, in the field and the laboratory. The effect sizes of tests for behavioural consistency were greater than for tests of behavioural plasticity, indicating for the first time the presence of animal personalities in a crustacean model.
INTRODUCTION
Behaviour has long been considered the 'most plastic' phenotypic trait as it is likely to show the quickest response to temporal changes in conditions (e.g. Hazlett 1995) . The ability to produce appropriate responses to changing conditions, or 'situations' (sensu Sih et al. 2004) , should clearly be beneficial. However, it is also clear that phenotypic plasticity might be costly to produce or maintain (DeWitt et al. 1998 ). Proximate constraints that could limit behavioural plasticity include constraints on sensory capabilities ('information gathering'), cognitive structure and learning ('information processing') or constraints due to morphological and physiological factors (Hazlett 1995; Dall et al. 2004) . Such limits on behavioural plasticity appear to vary between (Brown & Braithwaite 2004 ) and within ( Wilson 1998) populations, in some cases leading to consistent variation in behaviour between individuals. When limits on plasticity are correlated across contexts they produce 'behavioural syndromes' (Riechert & Hedrick 1993; Sih et al. 2004) or 'clusters' (Koolhaas et al. 1997) . When these differences in individual behaviour are consistent, either temporally, across contexts or between situations, they have been characterized as 'behavioural tendencies', 'coping styles' or 'animal personalities' (Dall et al. 2004; Sih et al. 2004; Dingemanse & Réale 2005) . While it seems logical that the ability to appropriately modulate behaviour between situations would be advantageous, the observation that consistent individual differences in behaviour are often distributed in a non-random way leads to the possibility that this variation is adaptive, perhaps allowing responses that are 'approximately appropriate', while avoiding the potential costs of plasticity. Dall et al. (2004) , for example, suggest that animal personalities may arise when the fitness benefits of a behavioural strategy are both frequency dependent and vary with an individual's prior experiences.
The strength of plasticity and consistency may be the result of evolutionary or developmental trade-offs that influence the level of investment in mechanisms required for plasticity (e.g. sensory systems). Such trade-offs could be influenced by both the costs and the levels of plasticity required to cope with the environment. Thus, both behavioural plasticity and consistency may be adaptive. Indeed, an individual may modulate its behaviour to give appropriate responses in different situations but still show a consistent level of response relative to the responses of other individuals (e.g. see Johnson & Sih' s 2007 study on fishing spiders). In order to understand the direction of such trade-offs, it is necessary to investigate the balance between plasticity and consistency. An analytical framework for such an investigation is illustrated in figure 1, which shows four possible combinations of the presence or absence of consistent animal personalities and behavioural plasticity. Between situations, a population of animals could show (a) plasticity in average responses but with individuals showing consistent levels of response relative to one another, (b) plasticity in average responses without consistency in individual responses, (c) consistency in individual responses without any average plasticity, and (d) no individual consistency and no plasticity.
These four possibilities represent hypothetical extremes of the presence or absence. In reality, possibility (a), where there is a degree of both behavioural consistency and plasticity, appears to have the greatest level of support from empirical studies where both possibilities have been tested for (e.g. Johnson & Sih 2007) . Nevertheless, where both behavioural plasticity and consistency are detected, there may still be a trade-off between the tendency for plastic and consistent behaviours. One way to determine the direction favoured in this trade-off is to compare effect size estimates for tests of average differences in behaviour between situations (plasticity) with those obtained for tests of stability in ranks of individual responses between situations (consistency). Comparison of effect size estimates is a technique that underpins meta-analysis, where it is often necessary to make comparisons between different statistical tests. As noted by Johnson & Sih (2007) , the correct test for variation in behaviour where measures are taken from individuals on multiple occasions is repeated measures ANOVA. A suitable test for consistency in differences in behaviour between individuals across multiple occasions is Kendall's coefficient of concordance (e.g. BremnerHarrison et al. 2004 ; alternatively, in studies where tests of behavioural consistency or 'correlation' between only two situations have been conducted, Pearson's productmoment correlation was used; Brown & Braithwaite 2004; Johnson & Sih 2007 ). Kendall's coefficient of concordance compares the level of agreement between ranks of two or more variables (Sokal & Rohlf 1995) and is often used to determine the temporal stability of dominance hierarchies. For both types of test, estimates of effect size that scale to a maximum of 1 can be calculated allowing a direct comparison between the extent of behavioural plasticity and consistency. An explanation of the appropriate effect size estimates is given in the electronic supplementary material. If the effect size for average variation between situations is greater than the effect size for consistency between situations, this indicates that selection has favoured the costly trait of behavioural plasticity. If the effect size of the test for consistency between situations is greater than the test for difference, this indicates that selection has favoured the less costly approximately appropriate responses to different situations associated with animal personalities.
A key axis of animal personality, which has been investigated in several taxa, is variation in the 'shynessboldness axis' ( Wilson et al. 1993 ) often simply referred to as 'boldness'. A bold individual will typically show high levels of exploratory behaviour in a new environment, individual responses between the situations would indicate that animal personalities are not present. In this scheme, there are four hypothetical extremes of the presence or absence of plasticity and consistency, but it is possible for both to be present, such as in (a), indicated by significance in tests for both difference and consistency. In such cases, the relative strength of plasticity and personality can be gauged by comparing effect size estimates for tests of difference (e.g. repeated measures ANOVA) and tests of consistency (e.g. Kendall's coefficient of concordance) between situations. The effect size for an ANOVA is 'h 2 ', and the effect size for concordance is Kendall's coefficient, 'W '. readily investigate novel objects and when disturbed show a 'startle response' of short duration. A number of studies of boldness have identified either consistent responses (Budaev 1997; Coleman & Wilson 1998; Fraser et al. 2001; Dingemanse et al. 2002) or average differences between situations and locations (Brown & Braithwaite 2004; Brown et al. 2005) . However, relatively few have attempted to compare the extent of behavioural plasticity and consistency across situations. In studies by Sih et al. (2003) , the boldness of laboratory-reared larval salamanders, Ambystoma barbouri, was examined by measuring their propensity to emerge from refugia in two situations, the presence and absence of predatory green sunfish Lepomis cyanellus. On average, salamanders spent more time out of their refuges in the absence of the predator but individual responses were also correlated between the two situations. Similar results were obtained in studies of an arachnid, the fishing spider Dolomedes triton ( Johnson & Sih 2007) . Although these studies revealed both behavioural plasticity and consistency between situations, the two patterns were not formally compared by examination of statistical effect sizes.
Laboratory studies are necessary for conducting the manipulations required to produce the differences in situation (e.g. the presence or absence of a predator) and in the case of the study on spiders ( Johnson & Sih 2007) to investigate patterns through ontogeny. However, it is also useful to know how behaviour varies in the animal's natural environment as this might be different to behaviour in the laboratory. This is particularly important if comparisons of boldness between populations or locations are to be made. Few such in situ studies of animal personality ( Wilson et al. 1993; Brown et al. 2005) have thus far been conducted and these have been restricted to bony fishes (Osteichthyes). It is also possible to conduct experiments where responses are examined both in situ and in a laboratory context, allowing both an assessment of responses in a natural setting and experimental manipulation of situations. Typically, studies of in situ boldness use the duration of a startle response, of withdrawing into a shelter when confronted with a novel stimulus, as the measure of boldness. In most in situ studies, it is necessary to place animals in artificial shelters (e.g. Brown et al. 2005) or to present stimuli that would not normally be experienced in a natural setting (e.g. Coleman & Wilson 1998 ; although the use of realistic models can provide a more natural stimulus, e.g. Krause et al. 1998 and Dowling & Godin 2002) in order to elicit a startle response. This is because studies using natural shelters are often impractical and could be complicated by factors such as the chemical presence of owners. This complication can be avoided during investigation of the startle response of hermit crabs (Crustacea: Anomura) such as Pagurus bernhardus. They are obligate occupants of portable refugia in the form of empty gastropod shells. The shells protect the soft uncalcified abdomen from attack by predators ( Vance 1972 ) and also play a role in buffering against environmental extremes (Shumway 1978; Young 1978; Taylor 1981) . When threatened, they show a startle response of rapid withdrawal into the shell (Briffa & Elwood 2001) . This response can be elicited in the field and laboratory by means of a simple handling protocol. While this procedure does not remove the necessity of handling the animal (although in this case it is the gastropod shell rather than the crab per se that is handled), it does mean that the animal is not placed into an artificial structure or subjected to a stimulus that is far beyond its normal experience (e.g. when being handled by a predator). Furthermore, most crabs tend to occupy shells that are relatively well matched to their body size and shell optima can be obtained by shell selection experiments relating crab size to shell size. Therefore, in hermit crabs, the 'value' of the refuge can be accurately determined and any effects of refuge size on boldness measures can be accounted for (Elwood 1995) .
The aim of this study is to investigate the balance between behavioural plasticity and animal personality using the startle response of P. bernhardus as a measure of boldness. As illustrated in figure 1, it possible that animals can exhibit both plasticity and personality. By comparing estimates of effect size for tests of difference and concordance we aim to compare the relative strength of behavioural plasticity and animal personality. This comparison could reflect the direction of an evolutionary trade-off between the two possible means of coping with uncertainty; plastic behaviour allowing an accurate response but incurring significant costs, or consistent behaviour allowing only an approximately appropriate response but avoiding the higher costs of plasticity. Further, we aim to determine whether the direction of this trade-off could vary between sites that differ in local conditions.
MATERIAL AND METHODS (a) Study locations
Crabs were studied at three rocky intertidal locations on the south west coast of England, UK, Bantham, Mount Batten and Hannafore. The three sites were chosen as P. bernhardus is abundant at each site. However, initial surveys suggested that there was a trend for a difference in the density of hermit crabs between sites (ANOVA on crabs m
K2
: F 2,27 Z2.96, pZ0.06) with more crabs at Hannafore than at Bantham or Mount Batten (Fisher's PLSD: p!0.05). The abundance of intact empty shells suitable for occupation by hermit crabs (Littorina obtusata, Littorina littorea, Gibbula umbilicalis, Calliostoma zizyphinum and Nucella lapillus) also varied between sites, with fewer shells at Bantham than at Mount Batten or Hannafore (ANOVA on shells m
: F 2,27 Z3.8, p!0.05). However, there was no difference in the number of available shells per crab between the three sites (F 2,27 Z0.7, n.s.). Subsequent analyses of effects of shell size, which will be presented elsewhere, show that there was no difference in average shell quality (percentage of site-specific optimal shell weight) between sites.
(b) In situ startle responses and laboratory manipulation of predator cues Hermit crabs weighing between 0.1 and 0.71 g were collected from the three locations and an in situ startle response was obtained for each crab in the field. The crab was lifted out of the water by hand, held in an inverted position for 10 s and then replaced on the substrate with the aperture of the shell facing upwards. This manipulation caused the crabs to tightly withdraw into their shell, such that the aperture was occluded by the major cheliped. The duration of the response was timed from when the crab was replaced on the substrate until it had re-emerged to the point where both pairs of walking legs were outside the aperture. Any crabs that emerged before they were replaced onto the substrate, or did not fully withdraw, were discounted from the analysis. The duration of the startle response was recorded and the crab was placed in an individually labelled screw-top container filled with fresh seawater to transport back to the laboratory in Plymouth. In the laboratory (day 1), each crab was placed in an individual 12 cm diameter crystallizing dish containing aerated seawater at 158C and food items consisting of excess catfish pellets, such that they were fed ad libitum. On the afternoon of day 3, the water was replaced with either fresh aerated seawater as above (Kcue) or aerated seawater at 158C that had been taken from a 20 l tank containing 30 Carcinus maenas of 50-80 mm carapace width (Ccue). Previous studies show that hermit crabs respond to the chemical presence of these crabs (Rotjan et al. 2004; Briffa et al. in press ). On the morning of day 4, the startle response was elicited as above and its duration recorded. This procedure was repeated 6 hours later on the afternoon of day 4. Following the behavioural observations on day 4, the water was again changed as above, but on this occasion the treatments were reversed between groups such that crabs that initially received the 'Kcue' treatment now received the 'Ccue' treatment. On day 5, the duration of the startle responses were again measured on two occasions, in the morning and afternoon. This design thus yielded startle durations for crabs in the field, in the laboratory in the absence and presence of predator cues, avoiding the possibility that the effects of each cue could be confounded by time since collection. After the final observations on day 5, the crabs were removed from their shells by cracking with a bench vice, weighed and sexed. Any crabs that moulted during the laboratory phase of the experiment, or at this stage were found to have missing appendages or obvious parasites were excluded from the analysis. Thus, a series or five startle durations were obtained for NZ45 crabs from Bantham, NZ47 crabs from Hannafore and NZ26 crabs from Mount Batten. At the end of the experiment, each crab was supplied with a new shell and returned to the sea, within two weeks of collection.
RESULTS (a) Initial analyses of weight and sex effects
An initial analysis of size differences in the crabs from the three sites show that crabs from Bantham were heavier than those from Hannafore (Fisher's PLSD, p!0.05) and Mount Batten (Fisher's PLSD, p!0.005; one-way ANOVA: F 2,114 Z5.6, p!0.005). However, there was no correlation between crab weight and startle duration either overall (r 116 Z0.13, n.s.) or for any single site (Bantham: r 45 Z0.25, n.s.; Hannafore: r 45 Z0.22, n.s. and Mount Batten: r 24 ZK0.29, n.s.). Since weight had no effect on startle response, it was not factored into the models below. Furthermore, an unpaired t-test indicated that there was no difference between males and females in the duration of the startle response (t 118 Z1.6, n.s.), so sex was also omitted from the models below.
(b) Plasticity between situations Repeated measure ANOVAs were conducted in order to investigate the effects of location (Bantham, Hannafore or Mount Batten), and trial type (repeated measure; in situ, Ccue occasion 1, Ccue occasion 2, Kcue occasion 1, Kcue occasion 2) on the duration of the startle response.
Since the data were not normally distributed, they were log transformed prior to analysis. The duration of startle responses was greater in crabs from Mount Batten than those from Bantham or Hannafore (F 2,113 Z16.35, p!0.0001) There was highly significant variation between trials, indicating that the startle response in the absence of predator cues was of shorter duration than in the field or in the laboratory in the presence of a predator cue (F 4,452 Z 11.13, p!0.0001). A significant interaction effect between location and trial (F 8,452 Z5.24, p!0.0001) indicates that these differences between situations were more marked in crabs from Mount Batten than those from Bantham or Hannafore with crabs from Mount Batten showing a longer response in the laboratory than in the field (figure 2).
(c) Concordance across situations In order to determine the degree of concordance in the duration of startle responses between different situations, Kendall's coefficient of concordance was calculated using SPSS v. 14. Individual startle responses were significantly concordant across observations with different levels of predation threat (experiment 1; W 117 Z0.55, p!0.0001). Startle durations were also highly concordant across the five trials. Regression line added for illustration. Since the data are not normally distributed, the Pearson product-moment correlation coefficient was calculated using log transformed data, but the raw data are presented here for illustration.
In order to allow comparison with previous studies where correlations between boldness measures taken on two occasions have been obtained, the Pearson productmoment correlation was calculated in Statview between log transformed data for the first instances of the two laboratory situations. There was a significant correlation between the duration in the presence and absence of a predator cue (r 116 Z0.69, p!0.0001; figure 3 ). (table 1) show that the effect sizes of tests for consistency are greater than those for variation between situations. In the repeated measure ANOVAs, an additional factor, 'site', that was not possible to incorporate into Kendall's coefficient was included. While this yields additional information about factors affecting startle response, it could alter effect sizes for the main effect of trial type, and lead to h 2 p values that are not equal to h 2 (Levine & Hullett 2002) . Therefore, to enable a valid comparison between the strength of concordance and plasticity, we also provide an analysis where the repeated measures ANOVA has been recalculated for the main effect only (table 1) . Here h 2 p is identical to h 2 (see the electronic supplementary material for a further discussion of this point).
DISCUSSION
In this study, we examined the startle responses of hermit crabs, both in situ and across situations during laboratorybased manipulation of perceived predation risk. Variation in average responses between predator-cue treatments indicates that there was significant behavioural plasticity between situations. However, analysis of concordance in the ranks of individual startle durations between situations indicates that there is also a significant pattern of individual consistency in behaviour. Although hermit crabs modulate their behaviour showing a degree of behavioural plasticity between situations, this is exceeded by the extent of behavioural consistency. This indicates that there may be a relatively low level of investment in mechanisms required for behavioural plasticity and accurate modulation of responses between situations. Instead, a reliance on behavioural consistency, allowing approximate modulation of responses, appears to be favoured over a weaker pattern of behavioural plasticity. There are two factors that can explain the balance between consistency and plasticity. First, if the costs of producing or maintaining sensory and information processing systems are sufficiently high then these costs could constrain behavioural plasticity. Second, the optimal level of plasticity may vary, for example, with the level of environmental heterogeneity. The pattern of plasticity revealed by the present data (figure 2), and illustrated in figure 1a ,b, could still be constrained by costs if the optimal level of plasticity was greater than the level illustrated. Alternatively, an absence of plasticity ( figure 1c,d ) will not necessarily indicate a constraint if the optimal level of plasticity is zero.
In the absence of data on the heritability of a behavioural trait, it is difficult to determine whether such consistent individual differences in behaviour could be maintained by selection (Dingemanse & Réale 2005) either at the level of consistent differences within or between populations. Interestingly, however, the strength of the tendency towards behavioural consistency appeared to vary between locations. Crabs from Mount Batten showed startle responses of greater duration than those from Hannafore or Bantham particularly during the laboratory phase of the experiment. This means that these between-site differences cannot be explained by behavioural plasticity. An alternative explanation is that there may have been variation in local conditions such as food availability (e.g. Sih 1997), wave action or predation threat between different locations that caused behavioural differences that emerged during the laboratory phase of the study. Under certain circumstances, initial differences, for example in hunger, may persist as carryover effects and effectively 'lock' an individual into a risky or risk-averse way of behaving (Dall et al. 2004) . In this study, however, variations in hunger levels are unlikely to have operated during the time scale of the experiments as the crabs were fed ad libitum.
In order to distinguish between these possibilities, it could be useful to investigate between-site differences in proximate factors that could influence behaviour and how they might develop through ontogeny. For example, crabs from different sites may differ in sensory acuity or cognitive structure. Interestingly, there was no variation in boldness with size, as has previously been reported for fishes (e.g. Brown & Braithwaite 2004) . One explanation is that in this study, shelter size varied with the size of the crab, whereas this was not the case in the study on fishes where a standard-sized refuge was used such that different-sized fishes could have had different perceptions of the shelter's value as a refuge. In the case of this study at least, the lack of variation with size indicates that the consistent behavioural differences between individuals from different sites do not develop during ontogeny. It is clear, however, that in order to further understand patterns of plasticity and consistency, it is necessary to gain further insights into the costs of plasticity and of variation in the optimal level of plasticity. Startle responses have previously been used as an unambiguous measure of boldness ( Wilson et al. 1993; Brown et al. 2005; Johnson & Sih 2007) , and patterns of appropriate adjustment of boldness between situations coupled with consistent individual differences in behaviour (e.g. Dall et al. 2004; Johnson & Sih 2007) have been assumed to indicate the presence of animal personalities. On this basis, the present data strongly indicate that the surprisingly limited extent of behavioural plasticity first noted in hermit crabs by Hazlett (1995) may be due to the presence of animal personalities, which have not previously been reported in crustaceans. Indeed, the behavioural correlations between situations demonstrated for hermit crabs are of similar size to those obtained in studies of vertebrate species (e.g. rZ0.69 in this study compared with rZ0.5-0.67 in salamander larvae, A. barbouri; Sih et al. 2003) . A review by Gosling (2001) shows that there has been a clear focus of interest on vertebrate models in research concerned with individual differences in behaviour (206 vertebrate studies and 6 studies in total on insects and cephalopods). However, there is no theoretical reason why consistent individual differences in behaviour should be restricted to one subphylum and recent studies have extended the animal personality framework to include other taxa such as arachnids (e.g. Johnson & Sih 2005 , 2007 . In the case of crustaceans, cross-contextual behavioural syndromes have yet to be demonstrated. However, hermit crabs offer an excellent opportunity to study such correlations as, in addition to a startle response, they show a range of readily quantifiable measures of exploratory behaviour in relation to investigating new shells (e.g. see Elwood & Neil 1992) and their agonistic behaviour may be readily and accurately quantified (Briffa et al. 1998; Briffa & Elwood 2000) . Here, we have clearly demonstrated consistency in boldness between situations (high-versus low-predation threat) and although there was also behavioural plasticity (figures 1a and 2) comparison of effect sizes shows that the pattern of consistency is stronger than the levels of behavioural plasticity exhibited between situations. Thus, comparison of effect sizes reveals limited behavioural plasticity compared with behavioural consistency, indicating the presence of animal personalities.
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